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SUMMARY
A reliable estimate of completeness magnitudes is vital for many seismicity- and hazard-
related studies. Here we adopted and further developed the Probability-based Magnitude
of Completeness (PMC) method. This method determines network detection completeness
(MP) using only empirical data: earthquake catalogue, phase picks and station information.
To evaluate the applicability to low- or moderate-seismicity regions, we performed a case
study in Switzerland. The Swiss Seismic Network (SSN) at present is recording seismicity
with one of the densest networks of broad-band sensors in Europe. Based on data from
1983 January 1 to 2008 March 31, we found strong spatio-temporal variability of network
completeness: the highest value of MP in Switzerland at present is 2.5 in the far southwest,
close to the national boundary, whereas MP is lower than 1.6 in high-seismicity areas. Thus,
events of magnitude 2.5 can be detected in all of Switzerland. We evaluated the temporal
evolution of MP for the last 20 yr, showing the successful improvement of the SSN. We
next introduced the calculation of uncertainties to the probabilistic method using a bootstrap
approach. The results show that the uncertainties in completeness magnitudes are generally less
than 0.1 magnitude units, implying that the method generates stable estimates of completeness
magnitudes. We explored the possible use of PMC: (1) as a tool to estimate the number
of missing earthquakes in moderate-seismicity regions and (2) as a network planning tool
with simulation computations of installations of one or more virtual stations to assess the
completeness and identify appropriate locations for new station installations. We compared
our results with an existing study of the completeness based on detecting the point of deviation
from a power law in the earthquake-size distribution. In general, the new approach provides
higher estimates of the completeness magnitude than the traditional one. We associate this
observation with the difference in the sensitivity of the two approaches in periods where
the event detectability of the seismic networks is low. Our results allow us to move towards
a full description of completeness as a function of space and time, which can be used for
hazard-model development and forecast-model testing, showing an illustrative example of the
applicability of the PMC method to regions with low to moderate seismicity.
Key words: Probability distribution; Seismicity and tectonics; Seismic attenuation; Compu-
tational seismology; Statistical seismology; Europe.
1 INTRODUCTION
Earthquake catalogues are one of the primary products of seismol-
ogy. The process to create such catalogues is complex. Examples
involved in the process include detection of phases by seismic sta-
tions, their interpretation as earthquake signals and a calibrated lo-
cation and magnitude determination. Catalogues inherently depend
on the detection capability of seismic networks, which is related to
the distribution, density and characteristics of individual stations,
their local site and noise conditions, processing software and pro-
cessing strategies. One commonly used parameter to characterize
the recording capability of a network is the magnitude of complete-
ness (M c), understood as the magnitude above which earthquakes
are recorded with a certain probability close to 1.
A detailed knowledge of the space and time variations of M c is
critical for many earthquake-hazard or earthquake-physics studies
because they evaluate statistical properties of microseismicity. Such
evaluations can only be meaningful if the samples of the catalogues
contain complete recordings of sets of microseismicity. For exam-
ple, studies of earthquake-size distributions or seismicity rates are
highly dependent on the knowledge of M c (e.g. Wiemer & Wyss
2002; Schorlemmer et al. 2005).
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Various approaches have been published on the determination
of M c and reviews of various techniques are given by Woessner
& Wiemer (2005) and Schorlemmer & Woessner (2008). Recently,
a new method called Probability-based magnitude of complete-
ness (PMC) was proposed by Schorlemmer & Woessner (2008).
This method estimates detection probabilities PE(M , x, t) for given
magnitudes M and probability-based magnitudes of completeness
MP(x, t) at locations x for the time t. PMC treats the completeness
as a function of recording capabilities of the seismic network and
uses only empirical data, namely the phase-pick information, the
stations’ operational periods and the attenuation relation specify-
ing the magnitude–distance dependency as used by the network to
determine magnitudes M . PMC does not assume a model such as
the Gutenberg–Richter (GR) relation (Gutenberg & Richter 1944),
log10 N = a – bm, where a and b are constants and N is the num-
ber of earthquakes with magnitudes M ≥ m, whereas the meth-
ods of Wiemer & Wyss (2002) and Woessner & Wiemer (2005)
assumed the GR model. Matsumura (1984), Papanastassiou &
Matsumura (1987) and Morandi & Matsumura (1991) developed a
method to estimate the parameters similar toPE(M , x, t) andMP(x, t)
for central Japan. Independently from these works, Schorlemmer
& Woessner (2008) developed PMC and applied it to southern
California.
In this paper, we evaluate the detection performance of the Swiss
Seismic Network (SSN) applying the PMC method. The SSN pro-
duces the official earthquake catalogue for Switzerland (Fig. 1),
a region with moderate seismic activity. Our work extends a pre-
liminary analysis by Bachmann et al. (2005), who implemented
a first version of PMC for Swiss data. The major difference be-
tween Bachmann et al. (2005) and this study is that we derive
detection–probability distributions for each station depending on
the phase picks of each station as proposed by Schorlemmer &
Woessner (2008) whereas Bachmann et al. (2005) computed one
average detection–probability distribution for all stations, by stack-
ing phase picks from all stations. To extend the PMC method, we
introduce an approach for assessing the uncertainty, σ P(x, t), of
MP(x, t) based on a bootstrap method (Efron 1979). In addition, we
show how PMC can be used as network planning tool by adding vir-
tual stations to the SSN to simulate detection probabilities. Further,
we compare the PMC approach with a GR-based approach. For the
latter, we compute M c by using the entire-magnitude range (EMR)
method [M c(EMR)] (Woessner & Wiemer 2005), a modified version
from a method introduced by Ogata & Katsura (1993). In addition to
detection capabilities parameterized by PE(M , x, t) and MP(x, t), we
make an attempt to estimate the number of missing events as an al-
ternative expression of earthquake detectability. Our study provides
for the first time a comprehensive spatio-temporal completeness
analysis for Switzerland as a baseline for future seismicity- and
hazard-related studies.
2 METHOD
PMC relies on the analysis of empirical data (see Schorlemmer
& Woessner 2008 for details): (1) station data describing location
and on-/off-times (the dates when the station operation was started
and terminated, respectively) for each station in the network, (2)
the earthquake catalogue describing location, time and magnitude
M for each event including phase-pick data describing which sta-
tions recorded (picked) each event’s P-wave arrivals and (3) the
attenuation relation used for magnitude determination.
The method is divided into an analysis and a synthesis part. In
the analysis, we first compile for each station data triplets contain-
ing, for each earthquake that occurred during the station’s opera-
tional periods, the information on whether P phases were picked
or not, the magnitude M of the event and its distance L from the
station. Fig. 2(a) shows an example of the triplets from station
SENIN. Using the triplets and the attenuation relation, we derive for
each station a distribution of detection probabilities PD(M , L), see
Schorlemmer & Woessner (2008). According to the procedure out-
lined in Schorlemmer & Woessner (2008), we determine smoothed
station detection–probability distributions.
Figure 1. Location map of seismograph stations (triangles) and earthquakes (circles) in and around Switzerland. Station colours indicate installation times.
Station SENIN is highlighted; a broad-band three-component seismograph in operation since 2002 February 26 at the location of 7.299◦E and 46.363◦N, and
elevation of 2035 m. Swiss borders are shown in thick solid curves. Geographical references are included.
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Figure 2. Detection characteristic of station SENIN, highlighted in Fig. 1.
(a) Distribution of 1890 not picked (red) and 1958 picked (green) events
for the station. (b) detection–probability distribution, PD. (c) distribution of
uncertainties of PD, σD.
In the synthesis part, basic combinatorics is used to obtain de-
tection probabilities PE(M , x, t) for detecting an earthquake of M
at a location x (Figs 3a and b), given the specific network con-
figuration at the time t. PE(M , x, t) is the probability that four or
more stations have recorded the P wave of an earthquake with M
at x for t. This minimum number of stations must be adjusted to
the triggering algorithm if it requires a different number of stations
with a possible phase signal to initiate the location procedure, or
if S-wave picks play a significant role in triggering the location
procedure. The completeness magnitude MP(x, t) is given as the
magnitude M above which earthquakes are detected with PE(M , x,
t) ≥ 1 – Q, where Q is the complementary probability that events
will be missed (Schorlemmer & Woessner 2008). The choice of the
Q value is arbitrary and should reflect desired accuracy. We take
Q = 0.0001 for conservative estimates.
The results obtained in this paper are only valid in the absence
of strong seismic clustering such as large aftershock sequences.
During aftershock clustering, completeness values are higher than
those at times of background seismicity (e.g. Bachmann et al. 2005,
2007; Woessner & Wiemer 2005; Nanjo et al. 2007). Because our
completeness is based on all seismicity including aftershocks and
normal background events, it underestimates for the periods of
strong seismic clustering. The users should be aware of such tem-
poral changes in the completeness when they analyse aftershock
sequences.
We adopt a bootstrap approach for generating uncertainty esti-
mates of MP. For each station, we bootstrap our basic input data, the
data triplets. We resample all triplets with replacement, where the
number of events re-sampled is the same as the number of events
in the original sample. We apply this bootstrapping method to all
stations. From PD(M , L) based on bootstrapped triplets for stations
operating at time t, we calculate PE(M , x, t) and then MP(x, t). We
iterate NB times (here NB = 300), so that we obtain NB values of
MP(x, t), from which we compute the standard deviation σ P(x, t)
(Fig. 3d). We performed the computation for an increasing number
of bootstrap samples, starting at NB = 100 bootstrap samples as a
preliminary analysis and find results to stabilize at about NB = 200.
For the sake of brevity, we further use PD, PE, MP and σ P instead
of PD(M , L), PE(M , x, t), MP(x, t) and σ P(x, t), respectively.
Fig. 2(c) shows the uncertainty, σD, for the station SENIN. σD
is mainly in the range of 0 to 0.2. High uncertainties of σD > 0.1
fall in sparse data areas of the distribution in Fig. 2(a) with low
probabilities of PD < 0.8 (Fig. 2b), whereas low uncertainties of
σD < 0.1 are associated with denser data and with high probabilities
PD > 0.8. Accordingly, σD patterns were obtained for other stations
of the SSN. These uncertainty estimates do not include assumptions
about the magnitude uncertainties in the magnitude determination
process.
In addition to network detection capabilities indicated by PE, MP
and σ P, seismologists may be interested in the number of undetected
(missing) events for a region of interest. To obtain this number for
magnitude M , we consider detected (catalogued) earthquakes of
the same M . The total number of detected earthquakes of M for
the interest region is denoted by ndtot (M) ≡ ndtot. We divide the
interest region into subregions, each centred at x with area denoted
by A(x). The number of detected (catalogued) earthquakes of M for
a subregion at x, nd(M , x) ≡ nd, is used to obtain the number of
undetected events of M , nu(M , x) ≡ nu. If one or more earthquakes
are found in the subregion, this number is assigned to nd. If not, a
positive and <1 small quantity must be assigned to nd. Although a
fundamental problem is how to assign it, as an approximation we use
the information on the most neighbouring earthquake to the location
x, as follows: (1) we consider the distance of the nearest earthquake
to x, rn(M , x) ≡ rn; (2) the area A(x) is divided by πr2n to compute
the assumed number of events for a subregion at x, na(M , x) ≡ na
(=A(x)/πrn2 < 1); (3) we assign na to nd and (4) we do the same
(1–3) for all subregions. Because of the assignment for subregions
without earthquake, the sum of nd over all subregions forM , denoted
by Nd(M) ≡ Nd, is larger than ndtot. Thus nd is normalized by Nd/ndtot
to equate Nd with ndtot. Using the normalized value, n
dndtot/N
d, we
compute nu for a subregion at x, using the following equation nu =
(ndndtot/N
d)((1–PE)/PE). The sum of nu over all subregions gives the
total number of undetected (missing) events in the study region
for M , nutot(M) ≡ nutot. This attempt explores the possible use of
PMC as a tool to estimate the number of missing earthquakes in
moderate-seismicity regions.
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Figure 3. Maps of network-detection probabilities. (a) P1 = PE|M=1 and (b) P1.5 = PE|M=1.5 for the stations (marked as triangles) in operation on 2008 April
1. Grey squares mark earthquakes of respective magnitude that were recorded in the previous two years. Black lines show contours of PE = 0.9 and 0.999.
(c) map of probability-based completeness, MP, for the same day and set of stations. White lines show contours for MP = 1.6, 2.0 and 2.4. (d) map of
uncertainties of MP, σ P.
3 DATA
We analyse data of the SSN, operated by the Swiss Seismologi-
cal Service [Schweizerischer Erdbebendienst, SED]. This network
continuously monitors the ongoing earthquake activity, aiming to
detect all earthquakes down to magnitude 1 or below (e.g. Baer et al.
2005). The SED is recording seismicity in and around Switzer-
land with one of the densest networks of broad-band sensors in
Europe with an average station separation of about 20 km. A digital
acquisition system has replaced the use of analogue short-period
sensors in the period 1998–2002 (Baer et al. 2005). To cover the
extent of the SSN (Fig. 1), we define the study region as the box
5.5–11.0◦E and 45.5–48.0◦N. Because PE,MP and σ P are computed
for points in space and time, we have to define the depth for which
we compute these values. To find a meaningful depth, we investi-
gate the depth distribution of earthquakes in Switzerland. The mean
and the standard deviation for events within the box 5.5–11.0◦E
and 45.5–48.0◦N are 7.4 and 4.1 km, respectively. 97 per cent of all
earthquakes have shallower depths than 20 km. We compute PE, MP
and σ P at the depth 7.5 km, roughly the mean depth of events. We
use the earthquake catalogue of the SSN (http://histserver.ethz.ch)
from 1983 January 1 to 2008 March 31, which includes earthquakes
in Switzerland and bordering countries. We do not cut the catalogue
before generating the detection–probability distributions PD. The
information about the permanent stations, the phase information
for each earthquake in the catalogue and the attenuation relation are
obtained from the SED. The earthquake catalogue contains 21 414
events with 285 953 P-phase determinations.
We use P-phase information only, because the triggering algo-
rithm of the SSN requires the detection of fourP phases. To improve
the reliability of the automatic location of earthquakes at the pe-
riphery and outside of Switzerland, the SED implemented in 2002
an automatic system for retrieving data from foreign stations (Baer
et al. 2005). The foreign stations that are connected to the triggering
algorithm are included in our analysis. The SED routinely computes
local magnitudes ML with the attenuation relationship: ML = logs
AEA – log A0, where AEA is the equivalent amplitude in millimetres
of a Wood–Anderson seismograph and A0 accounts for distance at-
tenuation with log A0 = −0.018 D–1.77 for hypocentral distances
D≤ 60 km and log A0 = −0.0038 D–2.62 for 60 km <D< 700 km
(Kradolfer 1984; Braunmiller et al. 2005). This equation is used
to convert raw data triplets (Fig. 2a) to detection probabilities PD
(Fig. 2b) as described by Schorlemmer & Woessner (2008). Mag-
nitude determination is consistent throughout the magnitude range
in which we are interested for Switzerland.
4 RESULTS
4.1 Sensitivity checks on anisotropy and depth
dependence of station probability distributions
We first perform simple sensitivity checks on anisotropy and depth
dependence of detection capabilities of stations. We separately con-
sider events located in the northeast/southwest (NE/SW) and in the
northwest/southeast (NW/SE) quadrants of the station. Figs 4(a) and
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Figure 4. Distribution of detection probabilities, PD, for station SENIN. (a) and (b) show the cases for using events situated in the northeast/southwest
(NE/SW) and the northwest/southeast (NW/SE) quadrants of the station, respectively. (c) indicates the case for using events with depths shallower than or equal
to 7.5 km. The case in (d) is based on events with depths deeper than 7.5 km.
(b) show the distribution ofPD for station SENIN for the NE/SW and
NW/SE quadrants, respectively. The distributions of PD for earth-
quakes with depths less or equal than 7.5 km is given in Fig. 4(c)
and deeper events are used to create Fig. 4(d). General patterns
of PD in Figs 4(a)–(d) are similar to those in Fig. 2(b). We make
the same observation for other stations in the network. In Switzer-
land, a region with moderate seismicity, there was no significant
seismic clustering that can disturb the homogeneous input triplets.
Thus, the PMC method for Switzerland provides stable estimates
of PD, even if the above input-data conditions change, and these
estimates are not sensitive to anisotropy and do not show any depth
dependence. Because of this insensitivity, our mapping of network-
detection capabilities, indicated by PE, MP and σ P, is based on one
station probability, PD, for each station, estimated from all available
events.
4.2 Mapping detection probabilities, completeness
magnitude and uncertainty
We present maps of detection probabilities, PE, for specific magni-
tudes, a map of magnitude of completeness, MP and a map of its
uncertainty, σ P, for 2008 April 1. The number of stations of the
SSN operating at this day is 38. Additionally, 16 foreign stations,
2 stations of the network of Zentralanstalt fu¨r Meteorologie und
Geodynamik (ZAMG) from Austria and 14 Italian stations under
the Bozen network and the network of the Istituto Nationale di Ge-
ofisica e Vulcanologia (INGV) are considered as they are included
in the SED triggering system.
We examine the spatial distribution of detection probabilities PE
for M = 1.0 and 1.5 at 2008 April 1 (Figs 3a and b). We use a grid
spacing of 0.05◦ × 0.05◦ and compute PE at a depth of 7.5 km. As
expected, the two maps show that PE increases with M . Earthquakes
of M = 1.0 and 1.5 during the period 2006 April 1–2008 April 1
were detected in areas with predominantly high respective detection
probabilities (Figs 3a and b), showing consistency between our
synthesis and the observation. Figs 3(a) and (b) show strong spatial
variability of detection probabilities: largePE forM = 1.0 highlights
in parts of the cantons Aargau and Valais. PE for M = 1.0 in
the border region from Geneva to Basel is comparatively low due
to a lack of reporting stations in France. This affects the lower
Rhine Graben around the city of Basel, the region that experienced
the largest historically known earthquake in central Europe (M ≈
6.5–6.9) in 1356 (Fa¨h et al. 2003). Although PE(M = 1.5, x, t)
values in Fig. 3(b) are generally well above 0.9 in almost all over
the country, we again see a similar variability and a strong decrease
towards the border to France.
We found MP for 2008 April 1 to vary between 1.1 and 2.5
within Switzerland (Fig. 3c). MP values are below 1.6 in parts of
the cantons Valais, Aargau and Graubu¨nden. In other areas, MP
values are generally between 1.6 and 2.4 with the highest value
of 2.5 at the westernmost tip of Switzerland in Geneva. Except
for Graubu¨nden, MP reaches values of about 1.8–2.4 in the border
regions. This results from the sparser station coverage caused by the
limited number of foreign stations feeding data in real time to the
SED. Low MP values in Graubu¨nden are associated with the station
MOSI (10.55◦E, 46.62◦N) operated by the Bozen network, which
was installed close to the border and integrated into the SSN on 2006
November 1 (Fig. 5, last two frames). Animation S1 (see Supporting
Information) also shows the decrease ofMP in Graubu¨nden after the
installation of this station. In summary, the SED network with its
current configuration is capable of detecting all earthquakes of M ≥
2.5 in Switzerland. In some regions, the completeness magnitude is
as low as MP < 1.6.
In Fig. 3(d), we plot a map of one standard deviation, σ P, for
t = 2008 April 1. σ P ranges from 0 to 0.4, with the large majority
of values being less than 0.1. High uncertainties in Graubu¨nden
are associated with the station MOSI. The number of triplets used
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Figure 5. Maps of probability-based magnitude of completeness, MP, for different points in times. All maps show MP at January 1 of the respective year as
indicated in the frames (1983, 1990, 1995, 1997, 1999, 2001, 2003, 2005 and 2007). White lines show contours for MP = 1.6, 2.0 and 2.4.
to compute PD values of the station is small (107 picked and 289
not picked events occurred during the operational period of this
station) because it was installed only recently (2006 November
1). The probabilities PD for station MOSI are influenced more
by the bootstrapping than that for other stations. Thus the boot-
strapping affects MP estimates in that area more strongly so
that σ P estimates are high in Graubu¨nden, which reflects cor-
rectly the limited knowledge about the performance of station
MOSI.
From 1998 to 2002, the configuration of the SSN fundamentally
changed (e.g. Baer et al. 2005). To demonstrate the network im-
provements, we show the spatio-temporal evolution of MP in Fig. 5
and Animation S1. Fig. 5 shows sequential snapshots on January 1
for the years 1983, 1990, 1995, 1997, 1999, 2001, 2003, 2005 and
2007. The detection level improved from an average of 2.0 ≤ MP ≤
2.4 in the 1990s to completeness values between 1.1 ≤ MP ≤ 2.4
in 2008 (Fig. 3c). Note that the detection capabilities in 2001 were
better than the capabilities after 2003 in Graubu¨nden. This is due to
the fact, that the network installed by the end of 2002 was initially
operated in combination with the short-period stations; once the
new system demonstrated its reliability, most of the short-period
stations were decommissioned. Nonetheless, at many locations, MP
values improved after 2003 (Figs. 3c, 5) following the current com-
pletion of the network. The modernization of the network resulted
in a significant improvement of the overall detection capability. See
also Animation S1, which shows the spatio-temporal evolution of
completeness.
4.3 Estimating undetected events
To consider undetected (missing) events, we use detected (cata-
logued) earthquakes in the two-year period from 2006 April 1 to
2008 April 1, same as the period used for events shown in Figs 3(a)
and (b). As a subregion centred at x, we use a box of size of 0.05◦
in latitude and longitude. We compute the number of undetected
events of magnitude M , nu, for each box with PE = PE(M , x, t)
for t = 2008 April 1. Figs 6(a) and (b) show nu for M = 1.0 and
1.5, respectively. As expected, Fig. 6 shows that nu in regions far
outside of the Swiss territory is quite high because of the outside of
the SSN. For meaningful discussion on nu and nutot, we reduce such
outside regions. We define a region smaller than the original study
region: 6.0–10.5◦E and 45.8–47.8◦N. nu for M = 1.0 is less than
1 for almost all boxes. Comparison with Fig. 3(a) shows that rela-
tively high nu values are observed at locations where earthquakes
are detected and PE values are close to 0.9 or below, and at the
corners of the study region where PE is pretty close to 0 and there
is no detected earthquake. Similarly nu for M = 1.5 is smaller than
or equal to 1 in all over the country. Although nu for M = 1.5 is
generally smaller than nu for M = 1.0, comparison between Figs
3(b) and 6(b) shows that a correlation for M = 1.5 among nu, PE
and detected events is similar to that for M = 1.0. The total num-
ber of undetected earthquakes in the study region for 2006–2008
is nutot = 24.6 and 5.8 for M = 1.0 and 1.5, respectively. To com-
pare in nutot among M values, n
u
tot is given in the inset as a function
of M . nutot generally increases with the decrease of M : n
u
tot varies
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Figure 6. Maps of the number of undetected events, nu, for (a) M = 1.0 and (b) M = 1.5 at t = 2008 April 1. The inset shows the total number of undetected
events, nutot, as a function of M for the four periods: 2006 April 1–2008 April 1 (light blue), 2004 January 1–2006 January 1 (dark blue), 1993 January 1–1995
January 1 (dark red) and 1988 January 1–1990 January 1 (light red). For the period 1993 January 1–1995 January 1, no data for magnitudes below 0.6 are shown
because no earthquake was recorded in the corresponding period. Data for the former two periods are coloured in blue, showing examples from post-SSN
modernization. The latter two (red) are representatives before the modernization.
between 2.9 × 10−5 for M = 2.5 and 5.8 × 104 for M = 0.2. This
shows that smaller earthquakes are more frequently undetected than
larger ones are. To incorporate the history of SSN, we take three
2-yr periods: 2004 January 1–2006 January 1, 1993 January 1–1995
January 1 and 1988 January 1–1990 January 1. The first period is an
example from the post-SSN modernization whereas the latter two
are representatives before the start of the SSN modernization. The
magnitude-dependent nutot behaviour for these periods is included in
the inset. We again see a negative correlation between nutot and M ,
similar to for the period 2006–2008. Further, we find that nutot before
the network modernization is larger for most magnitudes than nutot
after it, with larger differences in nutot for smaller magnitudes. This
demonstrates the variability of detection threshold: the more the
SSN is modernized, the higher the detection of microearthquakes
is. We attempt to show an alternative to express network-detection
capabilities.
4.4 Virtual installation of stations
To infer the effect of adding station(s) to the SSN on the complete-
ness magnitude MP, we perform scenario computations by virtu-
ally placing additional stations to the current network configuration
(2008 April 1). We compare the probability-based completeness
magnitudes between the virtual case, MPV, and the real case, MP,
for all locations x in the study region with a grid spacing of 0.05◦ ×
0.05◦: MP = MP – MPV. A fundamental problem is the definition
of detection–probability distributions PD to be used for individual
stations installed for the virtual case. Such a distribution depends on
station characteristics, local site and noise conditions. As an approx-
imation, we assume that the probabilities PD for a virtual station are
the same as the probabilities for the station closest to the location of
the virtual station. We argue for a best-case scenario because station
locations were well prepared based on site-specific measurements
for the modernized network. However, we are aware of the fact
that the station characteristic may be very different because of local
site conditions, and that for appropriate station planning additional
geological data are necessary.
Figs 7(a)–(d) show MP for virtual station installations at dif-
ferent locations in addition to the existing network at 2008 April 1.
The first four frames (a–d) show examples of installation of single
stations of which the first three are expected future locations of sta-
tions for the SSN. In all cases, the installation would improve the
detection capabilities in the surrounding regions by MP > 0.1. De-
pending on the location, the detection improvement varies from max
MP = 0.2 in frame b to max MP = 1.1 in frame a. The spatial
pattern of MP is complex and anisotropic. These patterns can be
explained by different contributions of neighbouring stations with
different detection–probability distributions. In any case, adding
new stations is improving detection probabilities of the network.
Figs 7(d)–(f) show the case of increasing number of stations
installed at locations close to each other. This demonstrates that
densely located stations enhance detectability of earthquakes for
the corresponding site: the max MP-value in (d), (e) and (f) is
0.4, 1.1 and 1.2 for one, two and three stations, respectively. This
computation shows a similar effect as the scenario computation in
Schorlemmmer & Woessner (2008), where the local Anza network
significantly increases detectability of microearthquakes in the Anza
region.
4.5 Comparison between EMR and PMC approaches
PMC introduces a new method to determine the detection thresh-
old of a network and has been applied to networks in California
(Schorlemmer & Woessner 2008; Bachmann et al. 2007) and Italy
(Schorlemmer et al. 2010), whereas assessing Mc using traditional
GR-based methods has been applied in many studies. We perform
a comparison between the results of both methods and address the
fundamental question if PMC and GR-based methods provide sim-
ilar results.
The EMR method (Woessner & Wiemer 2005) estimates the
completeness magnitude by fitting separately the complete and the
incomplete parts of a given frequency–magnitude distribution. For
earthquakes equal or above a certain magnitude (M cc), the EMR
method assumes the GR-law behaviour. Below M cc, the method as-
sumes a cumulative normal distribution. For increasing M cc values,
the EMR method computes the log likelihood to measure the fit
of synthetic frequency–magnitude distribution models and the ob-
served distribution for the EMR data. The completeness magnitude
MC is defined as MC = M cc for which the maximum log-likelihood
is obtained.
C© 2010 The Authors, GJI, 181, 1713–1724
Journal compilation C© 2010 RAS
1720 K. Z. Nanjo et al.
Figure 7. Scenario computations of adding virtual stations to the network to examine their effect on network detection capabilities. Virtual stations are added
to the SSN in operation on 2008 April 1. The station locations are (a) 9.5◦E/46.8◦N, (b) 7.5◦E/47.0◦N, (c) 8.1◦E/46.3◦N, and (d) 8.4◦E/46.6◦N. (e) We added
another station (8.5◦E/46.7◦N) to this configuration (d). (f) We added a third station (8.6◦E/46.6◦N). Colour coded is the difference in completeness magnitude
between virtual case (MPV) and real case (MP) in Fig. 3. The detection–probability distribution, PD, for each virtual station is the same as that for the closest
real station.
We apply the EMR method to all events in the catalogue for the pe-
riod from the start time tS = 1983 January 1 to the end time tE = 2008
March 31. The completeness magnitude, M c(EMR) ≡ M c(EMR)(xc, tS,
tE), and its uncertainty σ c ≡ σ c(xc, tS, tE) are computed for points
xc in space. We collect earthquakes within a cylindrical volume of
20 km height and 30 km radius at points xc. We use a grid spacing of
0.1◦ × 0.1◦ and perform 200 bootstrap runs for computing M c(EMR)
and σ c. The radius of these cylindrical volumes is large because
the density of earthquakes in many regions is very low. If such a
volume contains less than 80 earthquakes, no M c(EMR) and σ c can
be computed.
Completeness levels vary spatially throughout Switzerland
between 1.3 and 2.2 (Fig. 8a). Insets in Fig. 8 show ex-
amples of frequency–magnitude distributions for four loca-
tions, 9.0◦E/47.5◦N, 7.5◦E/46.5◦N, 8.2◦E/46.6◦N and 7.4◦E/46.9◦N
(points J, K, V and W in Figs 8a and b). The points J and K are
representing regions of lower and higher seismicity, respectively.
The highest uncertainty σ c in Switzerland is obtained at V. Com-
pleteness M c(EMR) at point W is the highest in Switzerland and, only
for this point, M c(EMR) is larger by 0.1 magnitude units than the
completeness of the PMC approach. We obtain M c(EMR) ± σ c =
1.9 ± 0.16 at J and 1.4 ± 0.16 at K, 1.7 ± 0.31 at V and 2.2 ±
0.28 at W. Completeness values increase towards the border of
Switzerland. Grey regions indicate that no M c(EMR) was computed
due to small earthquake sample sizes. Fig. 8(b) shows that the major-
ity of σ c falls between 0.1 and 0.3, whereas σ c > 0.3 is determined
outside of the network and in a small part of central Switzerland
(point V). In comparison with Fig. 3(d), σ c is generally larger than
σ P for many regions.
Sometimes temporary networks were deployed in regions of spe-
cial interest. To find a meaningful comparison with the EMR ap-
proach, we investigate the performance of these networks using
the PMC method. As the main temporary networks in Switzerland,
we consider the ‘Zeuzier’ (1981–1989) (Maurer 1993; Maurer &
Kradolfer 1996), the ‘Nagra’ (1983–2000) (Deichmann et al. 2000)
and the ‘NFP20-East’ (1986–1988) (Laubscher 1994) networks.
Like for the permanent network, we computed PD for all temporary
stations and MP for each temporary network: the grid spacing is
0.05◦ × 0.05◦ and the computation is carried out for every month in
the operational period (Fig. 9). All temporary networks improved,
during their operational periods, the detection capability of earth-
quakes very locally in comparison with the permanent network.
However, note that only the Zeuzier network was installed to ac-
curately locate microseismicity whereas the others were used for
different purposes. Significant improvement can be seen only for
the region in and around the Zeuzier network during the operational
period. Because we want to compare the completeness estimates
of both methods for the SSN and because the temporary networks
were not operating during the entire period of our investigation,
we are using as a conservative estimate for completeness only the
Swiss permanent network, ignoring the temporary networks. How-
ever, the low completeness values in the areas of the temporary
networks explain the very low M c(EMR) values in the areas around
Basel and in the Valais. These areas reflect the temporary higher
detection probabilities due to the temporary networks, however are
misleading as a completeness estimate because it is dependent on
the temporary networks and in fact only valid for the period of their
operation.
For the comparison, we need to consider a representative param-
eter for the PMC method, because the PMC and EMR methods
are based on two different statements. The former can be used to
compute an estimate of completeness for the network at one specific
point in space and time whereas using the latter method we compute
a completeness estimate of an earthquake sample for a space–time
volume projected onto one grid node. Therefore, we define a rep-
resentative value for the PMC method based on the corresponding
space–time volume used for computing M c(EMR). We estimate the
PMC representative value as follows: (1) we use the same cylindri-
cal volume (height of 20 km, radius of 30 km and the centre at xc)
and the same period (tS ≤ t ≤ tE) as we do for EMR; (2) we take
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Figure 8. Maps showing (a) Mc(EMR), (b) its uncertainty σ c, (c) MPMAX and (d) MPMAX,c for the period from 1983 January 1 to 2008 March 31. Mc(EMR)
and σ c are computed for nodes where 80 or more earthquakes were sampled. The insets show frequency–magnitude distributions for four nodes, indicated by
white stars. The grey circles indicate the completeness magnitude, Mc(EMR), of each distribution.
Figure 9. Map of probability-based magnitude of completeness, MP, for temporary networks: Nagra network on 1990 January 1, NFP20-east network on 1987
January 1 and Zeuzier network on 1988 January 1. In each frame, the stations of the respective network are shown as triangles. Note that the colour scale used
here is different from that used in the other figures.
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the detection-probability distributionsPD for the permanent stations
operating at the time t; (3) we estimate MP(xSUB, t) values for t for
all possible locations x = xSUB within the cylinder, where we take a
grid spacing of xSUB to be 0.1◦ × 0.1◦ and depths to be 5, 10, 15 and
20 km; (4) we take the same approach for all times in the period tS ≤
t ≤ tE and (5) we take the maximum among the MP(xSUB, t) values
over the period tS ≤ t ≤ tE and over the cylinder. This maximum is
the PMC representative and the conservative value for the volume
with the centre at xc and denoted by MPMAX(xc, tS, tE) ≡ MPMAX.
The MPMAX map for 1983–2008 (Fig. 8c) shows that complete-
ness estimates vary between 1.9 ≤ MPMAX ≤ 2.5 in Switzerland.
The MPMAX pattern and its range are most similar to those for 1983
(Fig. 5) because of the aforementioned conservative approach. Com-
parison with Fig. 8(a) shows that M c(EMR) is generally smaller than
MPMAX. To show the quantitative difference, we define MPMAX,c ≡
MPMAX –M c(EMR) and computeMPMAX,c for each volume. Fig. 8(d)
shows that in Switzerland MPMAX,c ≥ 0 with most values in the
range 0.1–0.5 (cyan and green) except for the point in central west-
ern Switzerland (point W) where MPMAX,c < –0.1. MPMAX,c
generally increases towards the borders of Switzerland, with excep-
tionally high values in the Valais, having MPMAX,c ≥ 0.6 (red).
The temporary Zeuzier network in the Valais very often detected
earthquakes with magnitudes down toM = 0 (Maurer 1993; Maurer
& Kradolfer 1996). Because of this temporary network, EMR gives
small values of M c(EMR) resulting in the large values of MPMAX,c.
This analysis shows the strong dependence of the EMR estimates
on the particular samples, including many not resolvable effects
like higher detection probabilities due to temporary networks and
strongly varying completeness over time due to changing station
configurations. Periods of higher recording quality will strongly
dominate EMR estimates as can be seen in Fig. 8(a). Many small-
magnitude events that were recorded in the most recent years let the
EMR method estimate the completeness similar to the one observed
for the last years (bottom row in Fig. 5) although such earthquakes
were not recorded in the earlier years which were included in this
computation of EMR completeness. Due to these effects, EMR often
provides too optimistic and erroneous completeness estimates.
5 SUMMARY AND DISCUSS ION
We examined the detection capabilities of the SSN as an example of
a network in a low- to moderate-seismicity region using the recently
introduced PMC method (Schorlemmer & Woessner 2008). We
found the magnitude of completeness, MP, within Switzerland to
vary in the range of 1.1–2.5 for 2008 (Fig. 3c). Our analysis shows
that the current network detects earthquakes of magnitude M =
2.5 and larger reliably for the entire Swiss territory. The temporal
evolution of MP shows a gradual improvement of the network-
detection capabilities (Fig. 5 and Animation S1), highlighting the
success of the network modernization (e.g. Baer et al. 2005).
To define MP, we considered PE = 0.9999, which could be in-
terpreted as only one event out of 10 000 is missing in the data
set. This probability is based on two assumptions: future seismicity
would replicate the past seismic activity; and earthquakes are inde-
pendent, identically distributed events. In reality, however, there are
many confounding factors, like depth, focal mechanism, aftershock
sequences and other spatial-temporal changes, which can signif-
icantly modify a station-detection probability. Moreover, external
causes such as power failures or extreme meteorological events can
also strongly affect the complementary probability (Q). Thus, even
if contour lines of PE = 0.9999 convey useful information, to avoid
a misunderstanding, it is better to keep in mind that such factors
and causes are not considered for this study; however, further stud-
ies should take them into account to improve the method. Only
one issue among them has been addressed by Schorlemmer et al.
(2010) who took the above external causes into account, using an
example from the network of the Istituto Nationale di Geofisica e
Vulcanologia (INGV).
Although systematic effects on the station-detection capabilities
are not fully taken into account in this paper, we performed sim-
ple sensitivity checks on anisotropy and depth dependence of the
detection capability (Fig. 4). For input data, we separately consid-
ered events situated in the NE/SW and the NW/SE quadrants of the
station. Distributions ofPD are also given for two depth ranges: shal-
lower than or equal to 7.5 km and deeper than 7.5 km. We observed
that the PMC method for Switzerland provides stable estimates of
PD even if these input-data conditions change. Thus, instead of
taking into account the anisotropy and depth dependence of the
detection capability, we took a simple approach to use one proba-
bility obtained based on all available earthquakes for each station.
Yet, an in-depth analysis of the sensitivity checks needs to be per-
formed. Especially in regions where anisotropy in wave propagation
has been detected or in more seismically active regions, we would
expect to see anisotropic-detection ability and depth-dependent
detectability.
Seismologists are not only interested in general maps of net-
work detectabilities, but also in maps of the spatial distributions of
missing (undetected) events. The problem to be addressed in the
paper was how many events are undetected and unlisted in the SSN
catalogue. We introduced an approach to estimate the number of
undetected events for moderate-seismicity regions. Using events in
the 2-yr period from 2006 April 1 to 2008 April 1, we found that
total number of undetected earthquakes, nutot, varies about by or-
der of 109 for the studied magnitude range (M = 0.1 – 2.5), and
nutot generally increases with the decrease of M . We also took other
three 2-yr periods to show similar feature. This demonstrates the
variability of detection capabilities. Perhaps the GR relation helps
to answer the number of missing events. However the GR analysis
may be usually insufficiently detailed partly due to lack of sufficient
earthquake data in the part of the distribution representing large but
rare events as well as due to the difficulty of identifying the range
over which power-law behaviour holds. Clauset et al. (2009) gave
a similar discussion on the difficulty of power-law characterization,
analysing 24 geophysical data sets. On the other hand, the maps
obtained by the new method are based on a seismicity record, so
our approach addresses to the problem to estimate the number of
missing events.
We introduced a bootstrap approach to quantify the sensitivity of
MP to the input data. We found the standard deviation generally to
be small in many regions (σ P < 0.1, Fig. 3d), suggesting that the
PMC method provides stable completeness estimates. At the current
state, the estimates do not take into account systematic effects,
such as day-to-night time variations, change in the routine analysis
between different operators, etc. Thus, these values might be on
the low end of the real uncertainty. The bootstrapping introduced
is computationally intensive, and without a large computational
facility it is not possible to perform this type of statistical treatment
for larger study areas.
Additionally the PMC method can be used in various ways that
are not restricted to estimate the completeness level.
The method allows analysing the detection capabilities, PD,
of single stations and their uncertainties, σD, in detecting events
(Fig. 2) as well as the uncertainties of detection for the network
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configuration, σ P, (Fig. 3d). It is essential to know that many sources
of data flaws exist, for example magnitude errors or event clusters,
which propagate into artefacts in PD distributions. A method pro-
posed by Bachmann et al. (2007) improves the PD determination by
detecting and excluding event clusters that disturb the homogeneity
of the data distributions and therefore can strongly affect PD.
PMC can be used as a network-planning tool with scenario com-
putations to infer the network performance for any virtual con-
figuration (Fig. 7): this can help determining locations for future
stations at low costs. However, the effectiveness of this tool needs
to be investigated in more detail as it is a non-trivial task to assume a
station characteristic for a new station location. Additional informa-
tion like local site conditions and geological parameters need to be
available. Average shear velocity down to 30 m, V30S , was suggested
as a first proxy for site conditions (Wald & Allen 2007) and could
be used after calibration of detection–probability distributions with
V30S . Also, scenario computations for network crisis situations can
be performed as discussed in Schorlemmer et al. (2010) for the
Italian National Seismic Network.
Besides these advantages, PMC is superior to the GR-based meth-
ods in spatio-temporal resolution and probabilistic quantification of
the completeness estimate.
When comparing the PMC approaches with the GR-based EMR
approach (Woessner & Wiemer 2005), we found the former gener-
ally gives higher estimates than the latter with differences of 0.1–0.5
in magnitude units (Fig. 8d). These differences are explained by
Schorlemmer & Woessner (2008). First, they arise because of the
different data sets used: The probabilistic approach is based on phase
data and station information whereas methods based on earthquake
samples are using data from the end of a much larger processing
chain with many choices involved. The second reason is the differ-
ence in definition of the completeness magnitude. For the GR-based
approach, the completeness level is based on detecting the point of
deviation from a power-law distribution of earthquake magnitudes.
For the PMC approach, completeness magnitude is given as the
magnitude with a very high probability (0.9999 in this study) that
four or more stations have recorded the P wave of an earthquake.
We found systematic differences MPMAX,c > 0 in Switzerland,
mostly in the range of 0.1–0.5. Using PMC, we evaluated the per-
formance of the SSN including permanent and temporary networks,
and took, for a representative, the maximum among the MP values
over the times in 1983–2008 for each volume. The resulting pattern
of maximum values (MPMAX) is most similar to the MP pattern for
the 1980s before the modernization of the SSN. In contrast, the
EMR-approach estimates completeness based on earthquake sam-
ples covering the period 1983–2008 for each volume. Therefore,
the resulting completeness levels represent average values over this
period, not sensitive to the periods where detection capability of
earthquakes was lower, like in the 1980s. This explains the ex-
pected differences of MPMAX,c > 0 and emphasizes the optimistic
estimates of GR-based methods that inherently ignore periods of
lower detection capability due to their averaging character.
Schorlemmer & Woessner (2008) found a better agreement for
areas in southern California. They used MP, not the maximum
(MPMAX) out of a time-series, and performed the comparison for a
period of rather constantly high-quality recording. They also pointed
out the spatial variability of the difference between EMR and PMC
results with the notable Anza and Coso regions, where PMC gave
significantly lower estimates. Our results also show large difference
between EMR and PMC estimates in the Valais area. This is due
to the effect of the temporary Zeuzier network that detected mi-
croearthquakes that were missed by the permanent network. The
EMR method does not distinguish between the two contributing
networks and, hence, estimates average completeness values that
do not correctly characterize the permanent network. In contrary,
the PMC methods can be used to compute completeness values for
each single network and to assemble a complete history with high
spatio-temporal resolution.
We have not yet considered the uncertainties in the basic pa-
rameters although we mimic parts of these through bootstrapping.
However, magnitude and location uncertainties need to be computed
correctly before propagating these through the completeness esti-
mate methods. Probabilistic earthquake location algorithms (e.g.
Lomax et al. 2000) provide probability density functions for loca-
tion uncertainties and also include magnitude estimates. Werner &
Sornette (2008) recently introduced a method to estimate magni-
tude uncertainties derived from earthquake catalogues. These ap-
proaches in combination with the PMC method will lead to more
realistic uncertainty estimates.
There are two primary uses we foresee of the detailed space–time
archive of completeness that we have constructed in this study, as
follows.
(1) As a critical input for many seismicity (e.g. Husen et al.
2007) and probabilistic seismic hazard (PSHA) studies. This is par-
ticularly useful for regions of moderate to low seismicity, where
users interested in a complete catalogue cannot readily cut the cat-
alogue at a very conservative choice of Mc, because the remaining
seismicity rates would be too low for a reliable estimation of the
local activity rates. The current generation of PSHA for Switzerland
(Wiemer et al. 2008), for example, uses magnitudes as small as 1.5
for rate estimation. The next generation of PSHA for Switzerland
may thus make use of the MP model of this study.
(2) As a feedback for network operators on the performance
of their network, and as a planning tool for future upgrades to the
network. The SED plans to integrate automated monitoring of PMC-
and EMR-based completeness as one integral part of routine quality
assessment. It also plans to use the virtual station approach (Fig. 7)
as a planning tool to optimize the placement of future stations.
All input data, codes and results are published on the website
www.completenessweb.org for free download.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online ver-
sion of this article:
Animation S1. Temporal evolution of MP maps since 1983 January
1. Each snapshot is created for the times t = the first day of every
month shown in the upper right corner. Operating stations are in-
dicated by triangles. Installation and decommission of stations are
shown by squares and crosses, respectively.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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